We present new geochronologic (magnetostratigraphy, fission-track and 40 Ar/
Introduction
Late Cenozoic mammal faunas from the northeastern part of the state of Guanajuato in cen-sequences being late Hemphillian-Blancan in age. Woodburne and Swisher (1995, p. 351) noted that "Stratigraphic successions that span the Hemphillian/Blancan boundary are rare in North America." Although there are a number of individual sequences of either late Hemphillian or early Blancan age, few are documented to lie between 5 and 3 Ma, and virtually none span that entire interval, leading to continuing controversy about the precise age of the boundary (estimates range from 4.0 to 5.0 Ma and Chron C3n2n-C3n4n; Lindsay et al. 1975 Lindsay et al. , 1984 Lindsay et al. , 2002 Lundelius et al. 1987; Repenning 1987; Woodburne and Swisher 1995; Albright 1999) . The sequence in Guanajuato, therefore, represents one of the most continuous sedimentary packets across the Hemphillian/Blancan NALMA boundary in North America (Carranza-Castañ eda and Miller 1996) and may help refine age estimates and test synchrony for that boundary and associated biochronologic events in various parts of the continent. Currently available geochronologic data from Guanajuato include preliminary biostratigraphies and faunal lists for many sections and several radioisotopic dates; no paleomagnetic data have been reported previously to permit correlation to U.S. sequences. The authors are undertaking complementary work on other lower latitude sequences (Tecolotlá n basin, Jalisco, Mexico).
We therefore undertook intensive field and laboratory paleomagnetic and radioisotopic analyses from 1986-1987 and 1995-2000 to more precisely correlate and constrain the ages of the upper Hemphillian to Blancan NALMA sections. This temporal interval is critically important for resolving events surrounding the Great American Biotic Interchange (GABI; Patterson and Pascual 1972; Stehli and Webb 1985; Jackson et al. 1996) . It is clear that a few "waifs" or "heralds" had dispersed both northward (two genera of ground sloths) and southward (procyonids) by the Late Miocene (at least 8-9 Ma; Webb 1985 Webb , 1997 Campbell et al. [2001] also have recently reported a Late Miocene age for gomphotheriids from the Amazon of SE Perú ). Yet the vast majority of the diverse "legions" of dispersing taxa did not appear in the fossil record until much later (i.e., ∼2.5 Ma in North America, late Blancan NALMA [∼2-2.8 Ma, oldest occurrences for Glossotherium, Neochoerus, and Glyptotherium], Webb 1985; and ∼2.5-3 .0 Ma in South America, beginning of the Uquian South American Land Mammal "Age" [SALMA] , Flynn and Swisher 1995) . However, crucially important strata from intervals immediately preceding the documented first occurrences of "legions" have been poorly sampled or poorly constrained in age in both North America (late Hemphillian-early Blancan NALMA) and South America (a likely pre-Uquian, postChapadmalalan SALMA hiatus, compounded by few geochronologic constraints on these bracketing SALMAs). Central Mexico represents the southernmost part of North America that preserves extensive, fossiliferous Late Tertiary deposits. In addition, the Guanajuato strata, lying between the Sierra Madre Oriental and Sierra Madre Occidental ranges, sample a crucial likely migratory pathway ("geographic funnel") for the earliest GABI immigrants and emigrants, and they already have yielded both immigrants from South America ("a marsupial, several edentates, and at least one giant rodent [a capybara]") and North American emigrants ("including horses, camels, and a variety of carnivores and rodents"; Carranza-Castañ eda et al. 1994, p. 2) . Thus, fossiliferous upper Hemphillian-lower Blancan strata at Guanajuato, with dateable volcanic ashes and sediments amenable to paleomagnetic analyses, provide an unparalleled opportunity to constrain the timing and pattern of biotic changes during the main GABI dispersals.
We present geochronologic conclusions made on the basis of six new fission-track (five from Guanajuato, one from Hidalgo) and four new singlecrystal laser-fusion 40 Ar/
39
Ar radioisotopic dates (two from Guanajuato, one each from Hidalgo and Jalisco) and paleomagnetic analyses of almost 200 samples from 175 sites in three extensive or composite stratigraphic sections spanning the latest Hemphillian-early Blancan NALMAs (figs. 1-6; tables 2-4; supplementary data [figs. 7-11; tables 5-7 in the online edition of the Journal of Geology and also available from the Data Depository in the Journal of Geology office upon request]). Available biostratigraphic data enabled us to locate, with varying degrees of precision, the position of the Hemphillian/Blancan NALMA boundary in all the Guanajuato sections (except the extremely short Arroyo Belé n section, which is entirely Blancan). The sediments sampled in this study all are considered part of the informal lithostratigraphic unit known as the "Ranch Viejo Beds" (Carranza-Castañ eda and Miller [1996] , who inadvertently referred to them as the "San Miguel Allende Beds," incorrectly citing an article by Carranza-Castañ eda et al. [1994] that applied the name "San Miguel Allende Beds" to Cretaceous strata underlying Oligo-Miocene volcanics and the Mio-Pleistocene "Rancho Viejo Beds"]), with a maximum composite thickness of ∼100 m. The sedimentary and volcaniclastic Rancho Viejo Beds are green to gray to white, weakly indurated, friable, clays and silty to sandy clays, with variable sand, gravel, and tuffa- 
Radioisotopic Dating and Ash Geochemistry Correlations
Before this project there were only two preliminary radioisotopic dates from these sequences (reported without analytical information or error bars: 4.6 Ma, from the Rancho El Ocote section [Kowallis et al. 1986 ]; 3.6 Ma, from the Arrastracaballos locality [volcanic ash Ranch Viejo section], as reported by C.C.S. in an article by Carranza-Castañ eda [1991] ; Carranza-Casta-ñ eda and Miller 1996) . These preliminary results have not been substantiated by further analyses of the samples, and we will not consider them further. Preliminary work on this project yielded 10 new dates from the Guanajuato and nearby sequences (Kowallis et al. 1998) Kowallis et al. [1995] and Flynn et al. [1997] ), and external-detector FT analyses of zircons were performed by B.J.K. at Brigham Young University (following techniques in work by Kowallis et al. [1986 Kowallis et al. [ , 1998 ).
Electron microprobe analyses of glass from 14 locations and at least six stratigraphic levels all gave rhyolitic compositions, consistent with their phenocryst mineralogy of sanidine, quartz, and plagioclase (Adams 2001) . Hornblende is the most common mafic phase, occurring in about half of the ash beds, while biotite and pyroxene are less common. Apatite and zircon are usually present as accessory phases. Geochemical fingerprinting of glass from the ash beds within the HemphillianBlancan strata (Adams 2001) indicates correlations between GTO-2C/GTO-43/GTO-5D, GTO-11/ GTO-5A, and GTO-5B/GTO-6/GTO-12B. Three ashes, two at Arroyo El Tanque and one, GTO-12A, in La Pantera II, appear to be unique and do not correlate with ashes in any other section. These geochemical correlations between different sections are generally consistent with other lithostratigraphic indicators, paleomagnetic correlations, and radioisotopic dates, with the following exceptions: GTO-5B and GTO-6 are indistinguishable chemically but may fall within different polarity zones (although the GTO-6 polarity is ambiguous), and GTO-2C and GTO-43 also correlate geochemically and lie in normal polarity zones that might be correlated to different magnetochrons. It is possible that these are chemically similar but different ash beds. Galbraith 1988 Galbraith , 1990 ) from Guanajuato. For additional sample plots, see supplementary data (figs. 7-11; tables 5-7 in the online edition of the Journal of Geology and also available from the Data Depository in the Journal of Geology office upon request).
Detailed radioisotopic dating analyses include "peak" as well as "mean" ages for the FT dates, present evidence for the ages of detrital contaminant grains in both the FT and Ar/Ar samples, and slightly modify age determinations and associated errors presented previously for several Blancan horizons (Kowallis et al. 1998 ; GTO-5A, GTO-2D, HGO-12C). In addition, the preliminary -4.1 ‫ע‬ 0.5 Ma FT date (GTO-11, Blancan horizons, California Mountain, near the Rancho Viejo property; Kowallis et al. 1998 ) is probably not reliable because it now appears to be a complex mix of at least three populations of detrital grains (peak ages: 4.6, 6.9, 20.7 Ma; fig. 8 ). Detrital grains with ages of 4. 5-8.7 Ma (e.g., GTO-5A, Ar/Ar) and 20-30 Ma (Ar/Ar and FT, many samples) are consistent with periods of regional silicic volcanism and later erosion and reworking into Hemphillian-Blancan strata of this area (Kowallis et al. 1998) .
The new radioisotopic dates provide more precise chronologic control on the ages of the various Guanajuato sequences and important independent constraints for correlation of several of the magnetostratigraphies to the GMPTS. Three dates (two FT, one Ar/Ar from Jalisco) associated with Hemphillian faunas range from 4.4 to 4.89 Ma, while seven dates (four FT, three Ar/Ar) in Blancan levels range from 3.32 to 4.70 Ma, suggesting an age of ∼4.7 to 4.9 Ma for the boundary at Guanajuato. This range and distribution of FT and 40 Ar/ 39 Ar dates (table 2) bracketing the Hemphillian/Blancan NALMA boundary in these sections is generally consistent with both prior estimates of the age of that boundary (but possibly slightly younger than that favored by Lindsay et al. 2002) and the preferred correlations for the longer temporal scope of the Guanajuato strata relative to other known North American sequences.
Paleomagnetic Results
Paleomagnetic samples were collected (E.L., assisted by W.E.M., O.C., C.C.S.) from measured stratigraphic sections in three sequences (figs. 3-6). All paleomagnetic analyses were performed in the Field Museum's magnetically shielded Paleomagnetics Laboratory (C.N. and J.J.F.); equipment and analytical methods follow the work of Flynn et al. (1989 Flynn et al. ( , 1997 see also supplementary data [figs. 7-11; tables 5-7] ). Magnetic polarity stratigraphies used only Class I reliability sites, with supplementary information from Class II-III sites (using statistical tests of Watson [1956a Watson [ , 1956b and reliability classification [I-V in descending reliability] modified from the work of Opdyke et al. [1977] ; see Flynn et al. 1989 Flynn et al. , 1997 . Pilot paleomagnetic analyses of the Guanajuato specimens were done in two batches following two seasons of field collecting (figs. 2, 9). In the first batch (GUA-001-031, collected in 1987), 10 specimens were chosen from the spectrum of lithologies of 31 sites for pilot blanket demagnetization studies and were subjected to 20 steps of combined AF (5-100 mt) and subsequent thermal (200Њ-650ЊC) demagnetization. Of these 10 pilot samples, one was found unstable, four gave ideal Zijderveld vector demagnetization plots (two normal, two reversed), and the remaining five gave acceptable results. Most sites responded best to the AF treatment alone; this method gave a more linear stable decay of magnetization to the origin, so the remaining specimens from these sections were treated with only three to four steps of AF demagnetization. The number of pilot samples was increased in the second batch (35 specimens collected in 1995; GUA-101-156) to better understand their magnetic characteristics because a few of the initial samples were unstable or gave ambiguous results even when treated with combined progressive AF (5 to 50, 60, or 70 mt) and thermal (200Њ, 400Њ, 500Њ, 600Њ, 650ЊC) methods of demagnetization. On the basis of these extended analyses, remaining specimens were treated similarly to those in the earlier batch, with three to 12 steps of AF demagnetization only. The low coercivity and the maximum 580ЊC blocking temperature of most characteristic magnetizations isolated during thermal and AF demagnetization of pilot samples (representing more than half [45/77] of all sites) suggest that the dominant magnetic remanence carrier in most samples is magnetite or titanomagnetite, with only minor contributions from goethite or hematite (presumably secondary mineralizations). This is consistent with the general lithologic characteristics of the generally pale gray, tuffaceous silts to fine sandstones.
In total, 196 samples from 77 sites were used to construct the magnetic polarity stratigraphies (figs. 3-6, 10, 11; tables 3, 4, 7) . Samples from an additional 10 sites yielded soft, fragile, and poorly consolidated specimens that did not survive transport or sample preparation. Using a stringent criterion of eliminating specimens with for char-MAD 1 15Њ acteristic magnetizations (Butler 1992) , the individual specimen data were then averaged (Fisher (table 3) were determined using principal components/least squares fit analyses (Kirschvink 1980) . See supplementary data (figs. 7-11; tables 5-7 in the online edition of the Journal of Geology and also available from the Data Depository in the Journal of Geology office upon request) for additional examples of normal and reversed polarity samples and a sample with complex magnetization. ; open ; classes), relevant circle p Class I circle p Class II cross p other biostratigraphic or radiosisotopic constraints, inferred magnetic polarity stratigraphy and correlation to global magnetic polarity timescale, and virtual geomagnetic pole latitudes for each site.
1953) to get a site mean direction and assign them to a reliability class.
The 24 Class I-III sites with specimen means having and (minimum acceptable
within-site dispersion for determining paleopoles; Butler 1992) were then averaged for a composite Guanajuato site mean (and paleopole latitude/longitude for the area; table 3). These data pass the reversal test of magnetic stability, using traditional methods (Watson 1956a; see Butler 1992) , and the more stringent positive reversals test (scaled to number of observations; McFadden and McElhinny 1990) , indicating stability for the remanence carriers of these paleomagnetic vectors. The positive reversal test for Guanajuato data can further be classified as "indeterminate" ( ) for Class I g 1 20Њ c sites (small sample size and a single normal polarity site make it difficult to reject the null) and "C" ( ) for Class and Class
sites. The Guanajuato section VGP position is III lat 84.6ЊN long 88.2ЊE (table 3) , consistent with Late Miocene North American paleopole estimates (Van der Voo 1993; McElhinny and McFadden 2000) . In combination with new dates and ash fingerprinting, the sampling regime, remanence characteristics, and paleomagnetic methods applied thus appear to be sufficient to identify the polarity intervals preserved in the Guanajuato sequences and to correlate them to the GMPTS, although additional samples always could refine or enhance the correlations.
Correlation of Individual Guanajuato Paleomagnetic Sections
Rancho El Ocote Section. The Rancho El Ocote section (GTO-2; Carranza-Castañ eda and Miller 1996) spans ∼6.5 m. The samples ( , 13 sites) n p 38 generally gave poor paleomagnetic results, with only one highly reliable Class I site (low MAD, high k, and low a 95 ; GUA-109). Five sites were not included in the magnetostratigraphy because of high MAD values (GUA-108, -111, -112) or a 1 90Њ 95 (GUA-003, -004). Several relatively well-defined normal and reversed polarity intervals are present, especially in the middle of the sequence. This suggests that the section preserves a reliable remanence signal, even with the high variability in some individual sites ( fig. 3 ).
Hemphillian fossils occur through the middle of the Rancho El Ocote section, bracketed by two radioisotopic dates providing critical tie points for correlation of this relatively low-quality magnetostratigraphy ( fig. 3 ). Blancan fossils occur in this section, above the highest paleomagnetic sample. The lower dated horizon (GTO-2C, ∼GUA-108, [FT] Ma) provides a lower bound for the 4.8 ‫ע‬ 0.2 end of the Hemphillian (≤4.8 Ma). The two dates from the upper horizon (GTO-2D, above GUA-112 [FT] , Ma, and [Ar/Ar], Ma), a 4.6 ‫ע‬ 0.3 4.74 ‫ע‬ 0.14 volcanic sandstone with euhedral crystals, provide a maximum age for this layer and fall within a normal polarity zone. Their congruence and very high precision indicate that the uppermost normal po- larity zone cannot be younger than Chron C3n.3n or C3n.2n (timescale of Berggren et al. [1995] ). The top of the section therefore extended through C3n.2r or C3n.1r and began by Chron C3n.3r or C3r (about 4.3-5.5 Ma); Hemphillian fossils occur at least as young as ∼4.7-4.8 Ma, and Blancan fossils postdate ∼4.7 Ma and occur in Chron C3n.2r (or C3n.1r) or younger. Thus, the Hemphillian/ Blancan boundary would lie at or younger than ∼4.7 Ma and Chron C3n.3n. The uppermost normal polarity interval may be thinner than expected (if it is correlated to Chron C3n.2n) because of a short hiatus associated with a possible unconformity in this section. The polarity zones at the base of the section are questionably correlated to Chrons C3n.4n and C3r. If one accepts the extremely narrow range of time suggested by the means of the dates in this section and assumes that the possible unconformity did not remove any polarity zone, a modified correlation would imply that the section is even shorter (possibly only a few hundred thousand years long), spanning a single normal zone (probably correlated to C3n.3n), bracketed by a short upper reversed interval (C3n.2r) and a longer "noisy" reversed zone (C3n.3r or C3n.3r-C3r) in the lower half of the section. Alternative correlations that would be concordant with the results of Lindsay et al. (2002) would be inconsistent with the high precision dates (constraining Hemphillian fossils to be younger than ∼4.7-4.8 Ma and the boundary in this section to be !4.7-4.8 Ma rather than at least 4.9-5.0 Ma as in Nevada) and would create conflicts between the ash correlations of Hemphillian horizons in the Rancho El OcoteRancho Viejo-La Pantera sections. The Rancho El Ocote section thus appears to begin near the Miocene/Pliocene epoch boundary and may span about half (or less) of the lower Pliocene.
Rancho Viejo Composite Sequence. This sequence spans 140 m (140 ft;
, 30 sites). The paleon p 80 magnetic samples were collected from a composite section of two almost completely overlapping local sections; these diverge from their shared basal section ( fig. 4 , GTO-52, 0-7 m in section A, Arroyo Tepalcates, sites GUA-101-107) to be separated laterally by about 2.5 km at their local tops. The remainder of section A ( fig. 4 ) includes a sequential series of sites noted to the left of the section A polarity column in figure 4 (8-44 m, GUA-115-131; GTO-39, Pecos site, at level of GUA-124, is included within Miller Place) . Section B includes two subsections (GTO-6, Arrastracaballos; GTO-11, Garbani Ravine) that overlap at their bases ("pink sediments," used as a lithostratigraphic marker unit to correlate sections A and B; fig. 4 , 22 m thick; sites GUA-132-141). Seven sites with extremely reliable paleomagnetic results (Class I) were included in composite Guanajuato averaging (table 3) . Four additional high-reliability (Class II) sites aid in constructing the magnetostratigraphy, complemented by 16 Class III-IV sites; there are six sites of low reliability (Class V; five with specimens with high MAD, one with low R/very large a 95 ). In addition, the majority of polarity intervals in this sequence are defined by two or more sites. The high reliability of most of the magnetic samples, multiple sites defining most polarity intervals, long magnetostratigraphy, some biostratigraphic controls, and concordant high-resolution radioisotopic dates from the upper part of the section permit reliable correlation of the mid-upper part of the Rancho Viejo composite magnetostratigraphy (figs. 4, 6).
The lowest definitively Blancan fauna lie at GUA-123 in section A ( fig. 4 ) and GUA-138 in section B ( fig. 4) , while the highest clearly Hemphillian fauna occur near the base (GUA-102) of the Arroyo Tepelcates section; the intervening interval is unfossiliferous (including the 13-m-thick pink sediments lacking fossils in sections A and B). This restricts the Hemphillian/Blancan NALMA boundary to lie within the lower half of section A and below GUA-138 in section B.
The best tie point for correlating the magnetic polarity intervals in the Rancho Viejo section is the GTO-5A ash bed horizon within Blancan strata, which has been precisely dated at Ma 3.36 ‫ע‬ 0.04 (new Ar/Ar date; preliminarily reported as 3.32 ‫ע‬ Ma in Kowallis et al. 1998) . The date suggests 0.02 correlation of the long normal polarity interval in the upper half of the Rancho Viejo composite section to Chron C2An.3n . This indicates that the underlying long reversed interval in both sections A and B would correlate to Chron C2Ar (the longest chron of either polarity in the Pliocene), in turn suggesting that the underlying normal interval in section A (GUA-115-118) represents Chron C3n.1n.
Sites below GUA-115 in section A are more difficult to correlate to the GMPTS. Applying different interpretations of the ambiguous "reversed" site at GUA-105 and assumptions regarding the presence of unconformities, and accepting the radioisotopically constrained correlation for the upper (Blancan) part of the sequence, several possible interpretations for the lower part seem most reasonable ( fig. 6 ). First, given the position of the Hemphillian/Blancan boundary relative to the GMPTS in previous studies, the presence of definitively Hemphillian fossils at GUA-102 indicates that the lowest reversed zone cannot be younger than Chron C3n.2r or C3n.3r. Correlation of the base of the sequence to Chron C3n.2r would place Hemphillian fossils above the boundary inferred by Lindsay et al. (2002) and would yield a correlation of the interval between GUA-103 and -107 to either Chron C3n.2n alone (with a small hiatus between GUA-107 and -115) or C3n.2n-C3n.1n (with no hiatus). Correlation of the base of the sequence to Chron C3n.3r (the presence of Hemphillian fossils would be consistent with prior studies) would require a hiatus between GUA-107 and -115, representing either Chron C3n.1r alone or spanning C3n.1r-C3n.2r. Correlation of the lowest reversed interval to any older chron, such as C3r, is possible, but it would require invocation of a huge but cryptic unconformity (no major erosional surfaces are present). If one assumes that there is no unconformity between GUA-107 and -115, then the lower part of the sequence correlates to either (a) Chron C3n.1n-C3n.1r, if the single "reversed" site is not valid (although this is unlikely because Hemphillian fossils would persist much later than documented anywhere else), or (b) C3n.1n-C3n.2r, if the "reversed" site is valid. In all of these alternative correlations, the Hemphillian/Blancan boundary is unlikely to lie much above GUA-102, and it certainly lies below GUA-115 (because the correlation above GUA-115 is reliably constrained by the multiple dates and Blancan fossils).
The composite Rancho Viejo section magnetostratigraphy thus can reliably be correlated to Chrons C3n.1n-C2An.2r (pink sediments to top of section). It probably began by Chron C3n.2r (or possibly C3n.3r) and spans at least 1.7 m.yr. (∼3.2-4.9 Ma), from near the Miocene/Pliocene boundary into the early Late Pliocene. The preferred paleomagnetic correlation and the relative lengths of the polarity intervals also indicate that there may be variability in the rates of sediment accumulation within the section (e.g., the uppermost normal zone accumulated at a relatively high rate, whereas the penultimate or middle reversed zone [Chron C2Ar correlative] accumulated at a somewhat lower than expected rate). Inclusion of the lower parts (GTO-52, Arroyo Tepalcates) of these sections, with their Hemphillian faunas, in the composite magnetostratigraphy provides important constraints on the age of the Hemphillian/Blancan boundary. It also gives the Rancho Viejo composite section both an older base and longer temporal span than suggested by earlier biostratigraphic correlations (e.g., Carranza-Castañ eda and Miller 1996 and Miller [p. 509], 1998 and Miller , 2000 Carranza-Castañ eda et al. 1994 .
La fig. 5 ). The six Class I sites were used in the composite Guanajuato mean analyses and reversals test, and 22 (Class I-IV sites) were used in construction of the primary magnetostratigraphies. The remaining sites were typically of moderate reliability, with some of lower reliability (single specimens, high MAD, etc.); these gave results consistent with the high reliability sites and provided secondary information that reinforces or refines the polarity pattern constructed. The Arroyo El Belé n section, although probably correlative with the upper part of this sequence, is discussed below.
It is possible to correlate, with various degrees of precision, the individual sections from this sequence using lithostratigraphic markers ( fig. 5 ). The La Pantera I (22 m) and La Pantera II (16 m) sections are geographically close and appear to overlap significantly in time; the La Rinconada section (13 m) lies immediately below or overlaps the lower part of these two sections. The La Rinconada ash (GTO-43, at level GUA-009, fig. 5 ) can be correlated to petrographically similar ashes in the Rancho El Ocote (GTO-2C, level GUA-108, fig. 3 ) and Rancho Viejo (GTO-5D, level GUA-103, fig. 4 ) sections. The dated horizon in La Pantera II (GTO-12B, above GUA-151) is a distinctive biotite ash that occurs at the top of La Pantera I (at the level of GUA-017), and can be petrographically correlated to the GTO-5B ash and GTO-6 vitric ash (Ranch Viejo Sections A and B, fig. 4) . A "gray ash" occurs below GUA-012 in the La Pantera I section, and another is at the level of GUA-010 in the La Rinconada section; neither has been ash fingerprinted, and these levels appear to have different polarities, so their correlation is uncertain.
La Pantera I appears to be entirely Blancan in age because the Blancan indicator, Equus simplicidens, occurs near the base of the section. Blancan ages for the entire span of the La Pantera II and Arroyo El Tanque sections are also supported by (a) absence of Hemphillian taxa from both sections, (b) presence of the extensive Blancan fauna from the Rana Locality in the middle of La Pantera II, (c) numerous Blancan taxon occurrences throughout the Arroyo El Tanque section (including Glossotherium, Rhynchotherium, and the capybara Neochoerus at site GUA-027; Plaina and Glyptotherium between sites GUA-155 and -028; and a Pleistocene horse from at or above site GUA-156 at the top of the section), and (d) the biotite ash and magnetostratigraphic correlations of the La Pantera I and II sections. Additional independent chronologic constraints on these individual sections within the La Pantera composite include (a) Blancan faunas at site GUA-144 in the La Pantera I section, (b) Hemphillian faunas between sites GUA-142/143 in the La Rinconada section, and (c) zircon FT mean dates of Ma (GTO-43; "La Rinconada ash" [ fig. 1 ; 4.4 ‫ע‬ 0.3 Kowallis et al. 1998 ]) in the La Rinconada section and Ma (GTO-12B; lower biotite ash, be-3.9 ‫ע‬ 0.3 tween GUA-151/152 associated with the Blancan Rana Locality) within the La Pantera II section.
Each individual section yields a relatively short magnetostratigraphy, but lithostratigraphic correlations, ash horizons, faunas, section magnetostratigraphies, and radioisotopic dates yield a long composite section that can be unambiguously correlated to the GMPTS (figs. 5, 6). The La Rinconada section contains one to three normal and reversed polarity intervals (depending on interpretation of ambiguous and/or single sites)-we tentatively favor three zones of each polarity. The La Pantera I section has a basal reversed polarity interval followed by two well-defined normals and an intervening reversed zone. The magnetostratigraphy of La Pantera II is similar, but the two lower normal intervals are ambiguously defined. Lithostratigraphic correlation of the biotite ash indicates that the higher ambiguously defined normal in La Pantera II should correlate with the uppermost wellsupported normal interval in La Pantera I. Thus, La Pantera II appears to extend to younger horizons than does La Pantera I, and it has a sediment accumulation rate approximately one-half that in La Pantera I. The Arroyo El Tanque section has a basal reversed zone, followed by two long normals with an intervening short reversed; all but one of these polarity zones is defined by a single site.
Our preferred correlation of this composite sequence to the GMPTS (figs. 5, 6) spans Chron C3n.4n-C2An.1n (4.98-5.2 to 2.58-3.04 Ma). This correlation was determined using (a) the minimum age for the base of the sequence provided by the La Rinconada FT date, (b) an approximate age for the uppermost normal polarity interval provided by the La Pantera II FT date, (c) correlation of the longest reversed interval in the sequence (middle of La Pantera I) to the longest Pliocene reversed interval (Chron C2Ar), and (d) the presence of numerous polarity zones and no obvious unconformities (indicating a long temporal span and continuous deposition). If the ambiguous intervals from low in the La Rinconada section are resolved conservatively (assuming all the basal sites are of normal polarity, as for unambiguous site GUA-143), then the base of the section may be only as old as Chron C3n.3n (4.8-4.89 Ma).
In this preferred correlation, the base of the La Pantera composite sequence is about the same age as (possibly extending slightly older than) the base of the Rancho El Ocote section, but La Pantera spans a much longer time because its top is at least 1-2 m.yr. (or more) younger.
The presence of Hemphillian fossils in Chron C3n.3n is consistent with prior placement of the Hemphillian/Blancan boundary in other North American sequences in Chron C3n.2r (Woodburne and Swisher 1995; references above) but not with its placement in Chron C3n.3r or C3n.4n (Lindsay et al. 2002) . The 4.4-Ma La Rinconada GTO-43 FT date closely overlying Hemphillian fossils appears to be a little too young relative to all prior estimates of the end of the Hemphillian, by 0.2-0.6 m.yr., although it is within analytical error if the boundary at Guanajuato lies within Chron C3n.2r or the base of Chron C3n.2n (as in other sites; Woodburne and Swisher 1995) . Regardless of where the Hemphillian/Blancan boundary is placed, the magnetostratigraphy indicates that the ash lies near the Chron C3n.3n/C3n.2r boundary (∼4.8 Ma, Berggren et al. 1995) , also indicating that this FT date is slightly too young. Alternatively, if the mean age of the GTO-43 FT date of Ma (situated 4.4 ‫ע‬ 0.3 within the lowermost La Rinconada section) is accurate, then the magnetostratigraphy would have to be correlated differently, and the current estimates of the numerical age of the Hemphillian/ Blancan boundary or its position relative to the polarity chrons of the GMPTS, on the basis of all other North American sequences, would be incorrect (i.e., would be even younger, contra both Woodburne and Swisher [1995] and the even older placement of Lindsay et al. [2002] ).
The La Pantera II FT date of Ma (GTO-3.9 ‫ע‬ 0.3 12B) is associated with an ambiguously defined normal polarity interval, although this same horizon represents an unambiguous normal zone at the top of the La Pantera I section. Our preferred correlation ties this to Chron C2An.3n (3.33-3.58 Ma [Berggren et al. 1995] , overlapping the younger extreme of the error bars on the FT date). The error bars could permit an alternative correlation of the normals in both La Pantera I and II to the next older normal polarity Chron, C3n.1n (4.18-4.29 Ma; shifting the entire La Pantera composite section one polarity chron older so the sequence would span Chrons C3An.1n-C2n.2n, or 5.89-6.14 to 3.11-3.22 Ma). This alternative correlation, although it could make the position of the Hemphillian/Blancan boundary more consistent with the Nevada results (Lindsay et al. 2002) , would be inconsistent with the results from the other Guanajuato sequences, would imply extreme fluctuations in sediment accumulations throughout the La Pantera sequence and would make the upper date (GTO-12B) too young (by ∼0.3 Ma) and the lower date (GTO-43) much younger (by 0.6-0.8 m.yr., two to three times greater than the error associated with the date) than indicated by the GMPTS age of the chrons with which they are associated. An alternative correlation for La Pantera II alone, on the basis of the age of GTO-12B (mean within Chron C2Ar) and rejection of one or both of the ambiguous normal intervals, has the section ending in Chron C2An.3n (and beginning sometime between Chron C3n.1r and C2Ar), although this would contradict the ash fingerprint correlation with La Pantera I.
If our preferred correlation is correct and there are no major hiatuses in the upper part of the section, then the top of the La Pantera composite sequence would be Late Pliocene (about 2.58-3.04 Ma). This interpretation is well supported by the consistent polarity pattern in the three overlapping sections (La Pantera I and II, Arroyo El Tanque) and available independent age constraints. However, there is a putative "Pleistocene ash" at the top of the Arroyo El Tanque section, and common taxa in the upper part of the sequence (e.g., Glossotherium and Neochoerus) range from the late Hemphillian or Blancan (Pliocene) through Pleistocene (but note that McDonald [1995] restricts Glossotherium to the Blancan or older, referring all Irvingtonian and younger similar forms to Paramylodon). Regardless of the preferred correlation of the paleomagnetic data, there are too few polarity intervals for the La Pantera composite sequence to continuously span all of the Blancan through Pleistocene, suggesting that (a) the sampling was too coarse to pick up all of the relevant polarity zones, (b) the uppermost ash is not Pleistocene, or (c) there are one (or more) significant unconformities in the sequence. The latter explanation appears to be the most likely, on the basis of paleochannels in the uppermost part of the sequence below the "Pleistocene ash." If a major unconformity indeed is present at the top of the sequence, part of the highest normal may correlate to a Pleistocene chron(s).
Arroyo Belé n Section. This relatively long section (GTO-47, partial Glyptothere section; 6 m [12-m stratigraphic section], two sites; fig. 5 ) was sparsely sampled, with the two paleomagnetic sites occurring in the lowest 6 m of the section. Only one individual sample could be used from each site; these both gave reliable results (with ), MAD ! 10Њ but the single resultant polarity interval obviously must be interpreted with great caution. Biostratigraphic data suggest, however, that the Arroyo Belé n section likely is equivalent to the upper part of the Arroyo El Tanque section (and composite La Pantera sequence). The upper of the two sites (GUA-030, 6 m) occurs within a horizon bearing a proboscidean (Rhynchotherium) and a partial Glyptotherium skeleton as well as the late Hemphillian-Blancan sloth Glossotherium lie higher (12 m) in the section. On the basis of these occurrences the Arroyo Belé n section appears to begin by the early late Blancan, and the long normal interval (0-7 m, 0-25 ft) could be equivalent to any of the five normal chrons spanning the pre-Pleistocene late Blancan (Chrons C2-C2A; 1.8-3.6 Ma). We tentatively correlate the normal zone of this section to Chron C2An.1n (2.6-3.04 Ma), on the basis of the presence of several South American interchange taxa and an approximate correlation of the Arroyo Belén Glyptotherium level (just above GUA-031) to the Arroyo El Tanque Plaina level (∼2 m above GUA-155).
Correlation of the Individual and Composite Guanajuato Sequences
Our preferred correlations of the individual Guanajuato magnetic polarity sections to the MiocenePleistocene GMPTS (Berggren et al. 1995) are shown in the composite correlation diagram of figure 6, and their chronologic implications are summarized in table 4. The three main sequences can be correlated to each other using direct lithostratigraphic ties, ash fingerprinting, and correlations suggested by the radioisotopic dates and magne- Note. Temporal spans were estimated using approximate midpoint ages of chrons. For Arroyo Belé n, the single polarity zone could be any normal chron between Chrons C2 and C2A, as young as 1.8 Ma or as old as 3.6 Ma; biostratigraphy favors the preferred correlation.
tostratigraphy. The biostratigraphic data were used to infer the most likely position of the Hemphillian/Blancan boundary within each of the Guanajuato sections; this boundary was kept independent of the magnetostratigraphic correlations but was used as a "datum" for visually aligning the individual sections. Most of the Guanajuato sequences overlap extensively in time, but the relative thicknesses of equivalent correlated polarity zones suggest large differences in sediment accumulation rates between sequences. The Rancho El Ocote magnetostratigraphic section is of relatively low quality and must be interpreted with caution, although two horizons yielded high-precision radioisotopic dates, permitting more definitive correlation. The long Rancho Viejo composite sequence ( fig. 4) was the highest quality magnetostratigraphic record sampled; this, together with its biostratigraphic controls, makes correlation of this sequence to Chrons C3n.3r-C2An.2r reasonably secure. The La Pantera composite sequence ( fig. 5 ) produced moderately high-quality magnetic results, and it represents the longest temporal span of the Guanajuato sections, Chron C3n.4n-C2An.1n (or possibly even C2n), or earliest to Late Pliocene. Correlation of this long sequence to the GMPTS benefited from extensive biostratigraphic data, radioisotopic dates near the top ( Ma) and bottom ( Ma) of the 3.9 ‫ע‬ 0.3 4.4 ‫ע‬ 0.3 sequence, and good lithostratigraphic correlations among, and temporal overlap of, the geographically proximate individual sections (including repeated polarity patterns in three independent samplings of the upper part). The single normal polarity interval in the Arroyo Belé n section is tentatively correlated to Chron C2An.1n (2.58-3.04 Ma) on the basis of biostratigraphy and correlation to the Arroyo El Tanque section.
The series of sections sampled are Late Pliocene to possibly latest Miocene in age, spanning about 2.7 m.yr., from Chrons C3n.4n or C3r (5.1 or 5.5 Ma) to C2An.1n (2.8 Ma), on the basis of available magnetostratigraphic and radioisotopic data. This sequence may span an even longer time interval if unconformities are present (e.g., if Pleistocene horizons occur in the uppermost part of the Arroyo El Tanque section or if the fauna and associated magnetozones near the base of the Rancho Viejo section are older than late Hemphillian) or if biostratigraphically older strata (e.g., Late Miocene, late Hemphillian, up to 6.5 Ma in age) were not yet sampled paleomagnetically.
Together, the radioisotopic, paleomagnetic, and biostratigraphic (see below) data much more precisely constrain the geochronology of both the local sections and the composite Guanajuato upper Miocene-Pliocene stratigraphic sequence, making the Guanajuato sequence one of the most complete and precisely age-calibrated sequences in North America spanning the Hemphillian/Blancan NALMA boundary interval. The Hemphillian/Blancan NALMA boundary almost certainly is present within all three main Guanajuato area paleomagnetic sequences (Rancho El Ocote, Rancho Viejo, La Pantera), and it appears to occur very early within the Pliocene. Alone, concordant FT and 40 Ar/ 39 Ar dates associated with Blancan and Hemphillian faunas (and thus bracketing the boundary) constrain the boundary age to be ∼4.7-4.8 Ma. These radioisotopic age constraints further permit a reliable correlation of our new Guanajuato sequence magnetostratigraphy, yielding a series of broader chronologic and biogeographic implications. Of particular importance is the long and unambiguously correlated La Pantera composite (in which Hemphillian fossils occur in strata as young as Chron C3n.3n) and the Rancho El Ocote section (in which the boundary lies between or above horizons precisely dated at 4.7 and 4.8 Ma). Within the framework of our preferred correlation and new radioisotopic dates, the oldest Blancan fossils at Guanajuato occur in the La Pantera composite, within Chron C3n.1r (4.3-4.5 Ma) or in Rancho El Ocote horizons that are ≤4.7 Ma (on the basis of underlying dates) and just above Chron C3n.2r or C3n.1r (4.6-4.8 Ma or 4.3-4.5 Ma), while the youngest Hemphillian fossils are ≥4.4 Ma (La Pantera) or 4.7-4.8 Ma (Rancho El Ocote) and occur within Chron C3n.3n (4.8-4.9 Ma). These results are consistent with some recent prior age estimates (e.g., ∼4.8 Ma; Repenning 1987; Kowallis et al. 1998 ) and correlation of the boundary to lie within Chron C3n.2r (e.g., Lindsay et al. 1975 Lindsay et al. , 1984 Lundelius et al. 1987; Woodburne and Swisher [1995; ∼4.9 Ma]). They do, however, suggest a slightly older numerical age than estimated in some earlier articles (e.g., ∼4.0-4.4 Ma; Lundelius et al. 1987 ) and a slightly younger chron correlation and numerical estimate than that of Lindsay et al. (2002; 4.9-5.0 Ma, in Chron C3n.3r or latest C3n.4n). Accepting the likely reliability of both the Guanajuato and Nevada correlations, there are at least two potential explanations for the small discrepancies between the results presented here and those of Lindsay et al. (2002) . First, the Hemphillian/Blancan boundary in Nevada is recognized by a single taxon datum, which can be demonstrably time-transgressive (Flynn et al. 1984) so that the placement of the boundary in Nevada and Guanajuato might differ accordingly. Second, if the boundary is determined by locations of first appearances of immigrant taxa from Asia, it might be older farther north, whether single or multiple taxa are used. Similarly, if this boundary were to be alternatively defined (or recognized) by the first appearance of some South American immigrants, our data show that it would be placed earlier in Guanajuato than at higher latitudes. While large-scale heterochrony has not yet been demonstrated for NALMA assemblages (see Flynn et al. 1984) , high-resolution integrative geochronologic studies that could test synchrony have been rare. Our results suggest potential asynchrony of boundaries that are recognized by one or more immigrant taxa, especially across wide geographic spans or province boundaries, and that future tests can be provided by additional high-resolution studies comparing province-boundary regions with more central areas.
Implications for the GABI
It has long been known that a major faunal interchange between North and South America occurred during the Late Pliocene, presumably in response to dramatic paleogeographic and climatic changes associated with the complete formation of the Isthmus of Panama (e.g., summaries in Patterson and Pascual 1972; Simpson 1980; Stehli and Webb 1985; Marshall 1988; Jackson et al. 1996) . However, determining the precise timing of this GABI event and the temporal and spatial pattern of faunal changes across this interval has been hindered by the paucity of data available from critical biogeographic areas and the very few reasonably continuous fossil-bearing sections spanning this interval (e.g., Flynn and Swisher 1995; Woodburne and Swisher 1995; Lindsay et al. 2002) . Within North America, the GABI generally has been considered to be a late Blancan event. Woodburne and Swisher (1995, p. 352) stated that "Bl2 [Blancan 2, late Blancan] and the Great American Interchange are taken as coeval at about 2.7 Ma," and the beginning of the late Blancan has been placed at the immigrational first appearances of Neotropical taxa (including Glossotherium, Glyptotherium, Kraglievichia [pPampatherium] , Dasypus, Neochoerus, and Erethizon; Lundelius et al. 1987; Woodburne and Swisher 1995) . Although it may be crucial to understanding the GABI, the slightly older Hemphillian/Blancan NALMA boundary interval has been poorly known throughout North America (see "Introduction"). Thus, the presence of a relatively complete, fossil-rich section spanning earlier intervals (∼2.8-5.5 Ma) at Guanajuato, situated within the previously poorly sampled middle American region and representing the southernmost extensive Late Tertiary North American sequences, provides new and better constraints on the timing and pattern of biotic changes that occurred during the GABI.
Interestingly, partly because of the asymmetry in the magnitude and directions of dispersal (but also because of greater continuity and sampling), our best knowledge of the timing of the peak of the GABI had come from Patagonian South America. In those sequences, the dominant influx of North American invaders began in the Uquian SALMA. Few North American invaders are known from the preceding Chapadmalalan SALMA (3.4-4.0 Ma), although a relatively short (∼0.5-0.8 m.yr. long) but important gap occurs between the Uquian and Chapadmalalan SALMA (Flynn and Swisher 1995) . The Uquian SALMA possibly began as early as 3.0 Ma and continued until 1.5 Ma, although there are cor-relation and calibration problems (Flynn and Swisher 1995, p. 327) , and some researchers have suggested that the Uquian SALMA did not begin until 2.5 or 2.6 Ma (e.g., Marshall et al. 1992 and MacFadden et al. 1993, respectively) . The main influx of taxa into southern temperate regions of South America postdated 3.4 Ma and preceded 2.5-3.0 Ma, thus occurring slightly before or contemporaneously with the late Blancan events noted previously in North America (at ∼2.7 Ma).
Significantly, even with only initial biostratigraphic studies (e.g., figs. 3-6; references cited in "Introduction"), the Guanajuato strata provide extensive Hemphillian and Blancan faunas, constraining the position of the Hemphillian/Blancan boundary in lower latitudes. A wide diversity of North American taxa, in addition to the various South American immigrants, occur within the Guanajuato sections, independently constraining the position of the Hemphillian/Blancan biochronologic boundary. For example, key Hemphillian taxa in the Rancho El Ocote section include Agriotherium, Osteoborus (synonymized with Borophagus by Wang et al. [1999] , but we consider the two forms to be distinct), Teleoceras, Nannippus minor, Neohipparion, Astrohippus, and Prosthennops, while Blancan horizons in several sections containing South American migrants include typical North American Paenemarmota, Spermophilus, Felis, Trigonictis, Borophagus, Rhynchotherium, Nannippus peninsulatus, Equus, and Platygonus (Carranza-Castañ eda et al. 2000) . When combined with the new chronologic constraints provided by the radioisotopic dating and magnetostratigraphic correlations, these biostratigraphic data document a variety of very early occurrences of South American invaders, some of which are up to 2 m.yr. or more earlier than the previously recorded beginnings of the GABI elsewhere in North America (e.g., beginning of the late Blancan [Bl 2], ∼2.7-3.1 Ma).
The earliest xenarthrans in North America, present by the early Hemphillian ∼9 Ma, have long been known to be sloths (i.e., Pliometanastes protistus and Thinobadistes segnis, with Megalonyx [currently known only from North America but closely related to or derived from immigrant Pliometanastes] from slightly younger deposits; Hirschfeld and Webb 1968; Hirschfeld 1981; Tedford et al. 1987; Webb 1989) . However, the Guanajuato sequence documents older occurrences for a variety of other xenarthrans, extending their age of arrival or FA by up to 1.5-2.0 m.yr. or more, including the presence of Glossotherium and Megalonyx by 4.7-4.8 Ma (late Hemphillian; Rancho El Ocote), Plaina by 4.6-4.7 Ma (early Blancan, Rancho El Ocote), and Glyptotherium by 3.1-3.9 Ma (early Blancan, Rancho Viejo, and La Pantera). The oldest known occurrence of a caviomorph rodent (Hydrochoeridae, capybaras) within North America is now well documented by fossils within Blancan horizons of Guanajuato that are at least as old as 3.1-3.5 Ma (e.g., Neochoerus, Rancho Viejo, in Chron C2An.3n; fig. 4 ) or older (e.g., Neochoerus, low in Arroyo El Tanque, correlative with levels slightly above a 3.9 Ma FT date in La Pantera II; fig. 5 ), extending the FA of this taxon to predate prior estimates by 0.3-0.5 m.yr. or more.
Within the Guanajuato sections (figs. 3-6), therefore, we observe that a variety of immigrant taxa all occur earlier within lower latitude Middle America than in more temperate parts of North America. These include Megalonyx, Glossotherium, and Plaina (occurring by at least 4.7-4.8 Ma, late Hemphillian), as well as slightly later-appearing immigrants (e.g., Neochoerus and Glyptotherium by the early Blancan, ≥3.1-3.9 Ma). The late Hemphillian immigrants might have arrived even earlier, given the very fragmentary early Hemphillian record from Middle America, a limitation that may be alleviated by a new and more complete Guanajuato and Jalisco biostratigraphies (Carranza-Castañ eda 2004) or future discoveries in Middle America. If the youngest Hemphillian faunas are slightly older than suggested by our preferred correlations (i.e., older than ∼4.9-5.0 Ma and in Chron C3n.3r or latest C3n.4n, as in Lindsay et al. 2002) , then it would push these precocious occurrences of Neotropical immigrants back even further, by at least 200,000 years. Thus, three of the four Neotropical immigrant taxa (Neochoerus, Glossotherium, Glyptotherium) used by Lundelius et al. (1987) to mark the beginning of the late Blancan (∼2.7 Ma) actually arrived much earlier in North America than previously recorded. The heterochronic FA of these five individual immigrant taxa also indicate, therefore, that their arrivals can no longer be used in defining the beginning of the late Blancan. Similarly, the possibility (perhaps even likelihood) of diachronous first appearances of individual immigrants (see also Flynn et al. 1984; Alroy 1998) argue for great caution when using only one or two immigrant taxa to define or recognize biochronologic or chronostratigraphic boundaries.
Together with the earliest arriving immigrants (the sloths Pliometanastes and Thinobadistes, whose FA in northern temperate latitude records have been used to mark the beginning of the Hemphillian), the Guanajuato records indicate that at least seven South American forms were already present by the late Hemphillian-early Blancan. This not only pushes back the beginning of major phase of GABI immigrants into North America to much earlier than previous conceptions of its commencement (late Blancan) but also to well precede the earliest documented major influx of North American migrants into South America.
The sequential series of individual taxon FA records at Guanajuato (spread over at least 1-2 m.yr., and diachronous relative to higher latitude sequences), however, suggest a much more staggered, variable arrival and dispersal of individual South American immigrants (at least three episodes at ∼9, 4.7-4.8, and 13.1-3.9 Ma). This is in striking contrast to the rapid "en masse" pulse of incursions previously suggested by the simultaneous FA of many taxa at the beginning of the late Blancan in temperate North American sequences. The apparently synchronized FA of many taxa at higher latitudes may be due to a short but real depositional hiatus during this crucial 5-3-Ma interval. Because there are at least a few fossiliferous sequences of about this age in the United States, it is more likely that faunal provinciality existed between the two regions, partly isolating them and delaying further migration until species adapted and migrated or climate/habitat changes reduced provinciality or altered boundaries (when additional South American taxa also appear in the United States and a major pulse of North American immigrants appear in high-latitude South America). Similar early appearance patterns in low latitudes have been suggested by Campbell et al. (2001) Ma from a level believed to 9.01 ‫ע‬ 0.28 postdate horizons with North American immigrant taxa but from channelized sequences ∼100 km from the faunas).
Shift of the beginning of the interchange to older ages, with a much less cohesive migration of "legions" of taxa, now better constrain the timing and pattern of the GABI. These new patterns then can be used to test potential explanations for the GABI (e.g., correlations with timing of completion of the Isthmus of Panama, related [or at least coeval] climatic changes perhaps resulting from oceanic and atmospheric circulation changes when the isthmus was completed, various sea level fluctuations, etc.). For example, while sea level changes clearly played a role in the GABI, it does not appear to be directly associated with the particular Type 1 sea level lowstand TB3.8 suggested by Woodburne and Swisher (1995) to correlate with the GABI and immigration into North America of a variety of South American taxa (Erethizon, Neochoerus, Glossotherium, Glyptotherium) . If anything, the older FA ages (around 4.7-4.8 Ma, near the Hemphillian/Blancan boundary) indicated by the Guanajuato data correlate to the smaller magnitude drop (and generally higher sea levels, overall) around TB3.5, well preceding final formation of the Isthmus of Panama and associated oceanographic and climatic changes about 3-3.5 Ma. Additional high-resolution biostratigraphic and geochronologic studies at Guanajuato and eventually of other low-latitude Nearctic and Neotropical sections, will provide data essential for better understanding of the degree of synchrony of individual taxon first-appearance datums and broader NALMA-level assemblages, as well as the patterns and processes leading to this dramatic reorganization of New World mammal faunas.
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